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Many material processes may be usefully characterized by measurement 
of the eftective viscosity during the solidification of the material. 
For example, monitoring the viscosity of a resin during the curing of a 
composite material allows the optimization of the cure strategy to 
minimize porosity in the final product. Also, the flow of fluids is 
essentially a function of their viscosity and well-regulated flow is 
often required, such as in an automated painter or in a printing press. 
Thus, it is important to have a method to measure viscosity continuously 
during the entire process time. It is well-known that viscosity can be 
determined by using ultrasonic techniques.l Usually, this is done by 
measuring the attenuation of longitudinal waves propagating in the vis-
caus medium, but this method requires many assumptions and many condi-
tions to be fulfilled that obviously limit its applicability. Some of 
these assumptions and conditions are: (1) all the other causes of ultra-
sanie attenuation such as diffraction, dispersion, thermoelastic loss, 
must be negligible in comparison to the viscous loss; (2) the sum of the 
volume and the shear viscosities is measured, rather than only the shear 
viscosity;2 (3) usually, the ratio of the imaginary part of the stiffness 
coefficient to the real part of this same coefficient must be assumed to 
be much lower than unity; (4) the viscous medium must have sufficient 
thickness that the different echoes in the pulse-echo train are resolved, 
yet be thin enough that the first echoes are detectable; and (5) internal 
reflections inside composite laminates must be assumed negligible. 
Other ultrasonic methods for measuring viscosity use the reflection 
of plane shear waves, resonance techniques or guided traveling waves.l 
In this paper a method is described which combines these first two by 
the measurement of the resonance characteristics of a piezoelectric 
element vibrating in the shear mode. Shear wave reflections occur in 
the piezoelectric element. This technique is usually employed for 
measuring the viscosity of He 11,3-5 which is an extremely low-viscosity 
fluid. Here the technique has been developed for both high and low 
viscosity measurements and also for making measurements at high temperature. 
It is free from all the disadvantages (1-S) descri.bed above. 
1267 
The use of ultrasound implies that viscosity is measured at high 
frequency. This viscosity is called dynamic viscosity. Its value is 
much lower than that of the viscosity usually measured with a classical 
viscometer, because at high frequency we are above most of the relaxa-
tions in the viscous medium. Nevertheless, we have observed that the 
evolution of vi~cosity as a function of temperature, pressure, etc., is 
always similar at high and low frequencies and therefore, the dynamic 
viscosity is a useful parameter to describe the state of the viscous 
medium.6 
The technique described here involves the reflection of shear waves 
at an interface between a solid and a viscous medium. The theory relat-
ing the complex reflection coefficient to the complex shear modulus of 
the viscous medium is detailed first. 
DYNAMIC VISCOSITY MEASUREMENT USING THE REFLECTION OF SHEAR WAVES 
The shear modulus G of a viscous medium may be written as a complex 
number 
G G' + iG" (1) 
where G' is the elastic modulus and G" is related to the dynamic 
viscosity n, at a given frequency w, by: 
G" = nw 
This relation assumes that the viscous forces are proportional to the 
velocity of displacements of the particles in the viscous medium. 
(2) 
Botli G' and G" can be measured using the reflection of a shear wave 
at the interface between a solid and a viscous medium (Fig. 1). The 
reflection coefficient r at the interface is a function of the acoustical 
impedance Zl and Z2 of the two media : 
(3) 
with 
z2 = I(G' + iG")p and z 1 = IG'""""i) s s (4) 
p being the density of the viscous medium, and Gs and Ps respectively the 
shear modulus and the density of the solid. 
The impedance Z2 is a complex number, therefore so is r, which can be 
written as 
r = r 0 exp(io) 
Inserting Eqs. (4) and (5) into Eq. (3) and solving for G' and G", we 
obtain: 
(5) 
z 2 (1 - r 2) 2 - (2r sin o) 2 1 o o G' = -- -----=~-~--=-----n-n 
p [(1- r cos o) 2 + (r sin o) 2 ]2 
(6a) 
o o 
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Piezoelectric e lement 
Fig. 1. Schematic implementation for the determination of dynamic 
viscosity by measurement of the complex reflection 
coefficient at a solid-viscous medium interface. 
(1- r 2)4r sin 6 
G" = T)W 
z 2 
1 o o (6b) 
p [(1-
One method used to measure the dynamic viscosity of a medium is to first 
launch a pulse when the solid (buffer rod) is not in contact with the 
viscous medium. This provides a reference waveform. Then another pulse 
is launched when the solid is in contact with the viscous medium and the 
received waveform compared with the reference. From the results of these 
two measurements, r 0 and 6 are readily deduced. 
This method for measuring the dynamic viscosity suffers from two 
problems, both related to the fact that the change of phase due to the 
presence of the viscous medium is extremely small. The bond between the 
piezoelectric element and the buffer rod must be the same for both mea-
surements, and the length of the buffer rod must not change. When vari-
ations in temperature or pressure occur, these two conditiona may be hard 
to fulfill. A new method is described in the following section, that is 
~ree of these two disadvantages. 
DYNAMIC VISCOSITY MEASUREMENT USING THE RESONANCE CHARACTERISTICS OF 
PIEZOELECTRIC ELEMENT VIBRATING IN THE SHEAR MODE 
Principle 
This method for measuring the dynamic viscosity is the same, in 
principle, as in the one described in the preceding paragraph of this 
paper. That is, dynamic viscosity is deduced through the measurement of 
the complex reflection coefficient between a solid and the viscous 
medium. But, here no buffer rod is used, instead a piezoelectric element 
is put directly in contact with the viscous medium (Fig. 2). Also, con-
tinuous wave (cw) excitation is used instead of pulse excitation. 
As there is no buffer rod, this method avoids the problem caused by 
changes in the bond between the piezoelectric element and the buffer rod, 
and also the problem due to the change in length of this buffer rod. 
The cw excitation causes a resonance to be set up in the piezoelec-
tric element. When the piezoelectric element is placed in contact with 
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Piezoelectric element 
Fig. 2. Schematic implementation for the determination of dynamic 
viscosity using a piezoelectric element (shear type) directly 
in contact with the viscous medium. 
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Fig. 3. Resonance peaks of a quartz element freely vibrating 
and in contact with epoxy. 
the viscous medium measurements are made of the change in the peak fre-
quency of this resonance, ~f, and of the change in its width, ~Q-1. From 
~f and ~Q-1 , r 0 and o can be readily computed and then viscosity and 
elasticity can be deduced from Eq. 6. The resonance peaks of a freely 
vibrating quartz piezoelectric element and of the same quartz element 
when put in contact with epoxy are shown in Fig. 3. The shift of the 
resonance frequencies and the increase in linewidth are obvious. The 
amplitude of vibration of the free quartz element is much greater (~ 500 
times) than that of the quartz element in contact with epoxy. Also, the 
shift in resonance frequencies is large, 30 KHz for this case. 
Analytical Development 
The analytical development of the vibration of a piezoelectric ele-
ment in contact with a viscous medium assumes that the faces of the 
piezoelectric element are parallel and that the ultrasonic wave in the 
piezoelectric element propagates in a direction normal to its faces. 
Further, it is assumed that no mode conversion occurs upon reflection of 
the wave at the interface. 
For cw excitation, the complex particle displacement of the upper 
surface of the piezoelectric element is given by7 
A(t) A exp (iwt)[l + r exp {-(aa + i(ka- o - n))} 
o o 
+ r 0 2exp {-2(aa + i(ka- o- n))} + ... ] 
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(7) 
where A0 is the initial displacement 
w the frequency of the driving voltage 
t the time 
a the attenuation in the piezoelectric element 
a two times the thickness of the piezoelectric element 
k the wave number in the piezoelectric element 
r 0 exp (!6) the reflection coefficient at the piezoviscous 
medium interface. 
Each successive term in the bracket is the contribution to the particle 
displacement after O, 1, 2, ••• round trips in the piezoelectric 
element. 
These terms form a geometric series which can be summed, so that 
A(t) =A exp (iwt)[l/(1- r exp {-(aa + i(ka- o-~))})] (8) 
o o 
Defining Al and A2 respectively as the particle displacement in phase and 
in quadrature with the driving voltage 
Re{A(t)} = A1 cos (wt) - A2 sin (wt) 
we obtain 
and 
1 - r exp (-aa) cos (ka - o-~) 
o A =A 
1 0 1- 2 r 0 exp (-aa) cos (ka - o-~) + r 0 2 exp (-2aa) 
r exp (-aa) sin (ka - o -~) 
o A2 = -Ao ------=--------------=-----
1- 2r exp (-aa) cos (ka - o - ~) + r 2 exp (-2aa) 
o o 
(9) 
(IOa) 
(lOb) 
A plot of Eqs. (IOa) and (lOb) as a function of frequency yields a set of 
equally spaced mechanical resonances. Figure 4 shows one of these reso-
nances and Fig. 5 shows this same resonance in polar representation. The 
condition for the mth resonance is that the total particle displacement 
is in phase with the driving voltage (A2 = O and Al max), or 
ka-o-~ m2~ m = 1,2,3, ••• ( 11) 
or 
(m2~ + o + ~)v 
w = ~~-~-~-
m a 
m = 1,2,3, ••• (12) 
where v is the velocity of the elastic wave in the piezoelectric element 
(w = kv). 
For a freely vibrating piezoelectic element, r 0 = 1 and o = -n, so 
that the free resonance vibrations w0m are given by 
m2~v 
wom. =-a- m = 1,2,3, ••• (13) 
The boundary conditions imply that only odd values of m are allowed. 
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Frequency 
Fig. 4. Plot of Al, A2 and jAj 2 as a 
function of frequency. 
Vertical scale for jAI differs 
from that of Al and A2.. 
Fig. S. Resonance peak in 
polar representation. 
Extraction of the Reflection Coefficient 
The complex reflection coefficient r can be deduced from the preced-
ing relations. 
From the shift of the mth resonance ~w <= w - w ), we can easily 
m om m 
compute the phase o of the reflection coefficient (Eq. (12) and Eq. (13)) 
o = -n - m2n~w /w 
m om 
(14) 
The amplitude r0 of the reflection coefficient can be deduced from w1m 
and w?m corresponding to the maximum and minimum of A~ (oA2/âw = O) 
arouna the mth resonance (see Figs. 4 and 5 ). One obtains, using Eq. 
(13) also, with w1m 
1 + sin ((w1 /w )m2n - o - n) m om 
ro = exp (a:a) cos ((w 1 /w )m2n - o - n) m om 
and with wzm 
r 
o exp (a:a) cos ((w2 /w )m2n - o - n) m om 
1 - sin ((w2 /w )m2n - o - n) m om 
(lSa) 
(lSb) 
Inserting the values for r 0 and o in Eq. (6) allows the computation of G' 
and G", and thus the viscosity of the medium. 
EXPERIMENTAL INSTALLATION 
Figure 6 shows the experimental installation. Two piezoelectric ele-
menta are used: one for the measurement and one as a reference. These 
two elements must be matched, i.e., they must exhibit the same re sonance 
f requencies when vibrating freely. Since this condition is sometimes 
difficult to achieve, a correction factor may be necessary. The refer-
ence piezoelectric element provides two items of information: the free 
resonance frequency w0 m and the attenuation a: of the piezoelectric ele-
ment at the pressure and temperature present in the oven. 
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Fig. 6. Experimental installation for the measurement of 
dynamic viscosity. 
A network analyzer containing a waveform generator and a vector 
voltmeter is used for the excitation and the detection of the vibrations 
of the piezoelectric element. The waveform generator, used in its cw 
mode, is programmed to scan the frequencies around the resonance fre-
quency of the piezoelectric element. A typical output voltage is 1 V 
peak-to-peak. The vector voltmeter measures the amplitude and the phase 
of the signal S coming from the piezoelectric element. This allows a 
polar plot of the resonance to be drawn, as shown in Fig. 5, instead of a 
plot of the amplitude of S as a function of frequency (Fig. 4). A com-
pensation bridge is used to compensate for the static capacitance of the 
piezoelectric element. The computer controls the entire operation and 
treats the data in real time. One measurement of viscosity takes ~ 80 s. 
TREATMEN~ OF DATA 
A realistic plot of the amplitude of S as a function of frequency is 
shown in Fig. 7. A spurious resonance, an ill-defined peak and a general 
increase of the signal amplitude with frequency can be seen. 
Many spurious resonances are observed with some piezoelectric ele-
ments. They can be partially removed by using special plating.B Never-
theless, if a spurious resonance still exists at or near the resonance of 
interest, the piezoelectric element must be changed. 
The absence of a well-defined peak and the general increase i n signal 
amplitude are both consequences of the parasitic capacitances of the 
cables, the piezoelectric element holder and also of any uncompensated 
<Il 
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Frequency 
Fig. 7. Amplitude of the signal coming from the piezoelectric 
element as a function of frequency. 
1273 
static capacitance of the piezoelectric element itself. The effect of 
the poorly defined peak and the increase in signal amplitude on the 
accuracy of the signal analysis can be minimized using the polar 
representation shown in Fig. 8. 
In that representation the spurious resonance appears as a small 
circle within the large circle corresponding to the resonance of 
interest. Moreover, the circle is translated away from the origin. 
Figure 9 shows the same data but after translating the circle back to the 
origin. The frequencies corresponding to the north pole, the south pole 
and the east point of the greatest circle are then easily determined. 
They are respectively! w1m, w2m and wm, already defined. The resonance 
frequency, wm, is usually difterent from the frequency at which the 
signal S reaches its maximum (Fig. 7). 
For highly viscous media, the signal/noise ratio diminishes and the 
north pole, south pole and east point may be difficult to locate. Two 
methods have been developed to handle this case. By digital filtering of 
the data, the circle can be smoothed, or a fit of the data by the analy-
tical expressions for Al and Ae can be done. Using the first method, the 
results of the dynamic viscosity measurements have a dispersion of 10%; 
using the second one, the dispersion is reduced to 1%. 
EXAMPLES OF RESULTS 
The first example (Fig. 10) is for the viscqsity measurements of 
graphite-epoxy composite during the cure stage. For this case the piezo-
electric element (quartz) ~s not put directly in contact with the com-
posite, but a release foil was inserted between them. This foil allows 
us to remove the quartz element from the gr~phite-epoxy plate after the 
end of the cure, and use the same quartz element for many experimenta. 
The temperature profile of the cure cycle bas 4 distinct parts : 
1. T = 107°C for 30 min. 
2. T increases from 107 to 175°C. 
3. T = 175°C for 75 min. 
4. T decreases to room temperature. 
Fig. 8. Polar representation of 
the signal coming from the 
piezoelectric element. 
1274 
~ 
~m 
Fig. 9. Same as in Fig. 8, but 
but after the removal 
of the general drift. 
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Fig. 10. Viscosity measurement of graphite-epoxy during the cure. 
(1 poise = 100 Cpoise = 0.1 Pa s) 
At the beginning of the cure cycle, the measured viscosity is zero because 
no epoxy touches the quartz element. As some of the epoxy flows through 
the release foil, it makes contact with the quartz element, and at this 
time the measurement of the viscosity of the epoxy begins. When the tem-
perature increases (part 2 of cure cycle) the viscosity decreases, as ex-
pected. During the third part of the cure cycle, the viscosity first 
reaches a peak and then decreases to a constant value of approximately 100 
poise. We believe that most of the chemical reaction activity in the 
graphite-epoxy composite takes place just after reaching 175°C, giving 
rise to the peak of viscosity. When the viscosity goes down to 100 poise, 
the cure itself is ended. During the fourth part of the cure cycle, the 
measured dynamic viscosity decreases but this result may be due to a 
shrinkage effect which can alter the resonance of the quartz element. 
An example of the measurement of viscosity as a function of frequency 
is given in Fig. il for ink. As can be seen, the viscosity decreases 
with frequency. These measurements were obtained using a single quartz 
element vibrating at its different harmonics (m = 1,5,7,9,11) while it 
was in contact with the ink. For unknown reasons, the value of the 
dynamic viscosity measured at the third harmonic is significantly dif-
ferent from the other ones and is not shown in the figure. 
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Fig. 11. Viscosity of ink as a function of frequency. These 
measurements were roade using one quartz element 
vibrating at different harmonics. 
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CONCLUSIONS 
This technique for making viscosity measurements gives accurate and 
easily obtained values. It is easily implemented on any production 
floor. Its temperature capability is from room temperature to 200°C, 
with possibilities of raising it to 400°C. Viscosity measurements can be 
made at different frequencies in one experiment. Its main advantages 
compared to conventional techniques involving reflection of shear waves 
or resonance techniques are listed below. 
1. No buffer rod is required. It is more convenient, and the 
problem of the invariance of the bond between the piezoelectric 
element and the buffer rod that is required by the reflection 
technique, is avoided. 
2. No temperature stabilization is required. With the reflection 
technique, temperature stabilization to better than 0.003°C is 
necessary. 1 
3. The polar representation of data allows the elimination of stray 
capacitances that are difficult to eliminate using the bridge 
network or reference arm. 
4. Values of viscosity as high as 600 poise can be measured, wheras 
the usual resonance technique restricts the maximum value to 10 
poise. 1 
As with all reflection techniques,this technique suffers from the fact 
that only the near surface dynamic viscosity is measured, which may, in 
some cases, be different from the shear viscosity of the bulk medium. 
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